To become fertilization competent, mammalian sperm undergo changes in the female reproductive tract termed capacitation. Capacitation correlates with an increase in tyrosine phosphorylation; however, less is known about the role of serine/threonine phosphorylation in this process. Proline-directed phosphorylation is one of the major regulatory phosphorylation events in many cellular processes such as cell proliferation and differentiation. Using mitotic phosphoprotein monoclonal-2 (MPM-2) antibody in this study, we observed that several mouse sperm proteins in the range of 70-250 kDa underwent increased serine/threonineproline phosphorylation during capacitation. In contrast to the time course of tyrosine phosphorylation, proline-directed phosphorylation could be observed at shorter time points of sperm incubation, and it was found to be independent of NaHCO 3 and adenosine 3´5´-cyclic monophosphate (cAMP). Similar to the regulation of the increase in tyrosine phosphorylation, cholesterol acceptors such as bovine serum albumin (BSA) or 2-hydroxypropyl-b-cyclodextrin (2-OH-propyl-b-CD) were essential for the regulation of proline-directed phosphorylation in mouse sperm. Furthermore, it was also found to be BSA dependent in human sperm. Among proline-directed kinases, extracellular signal-regulated kinase 1/2 (ERK1/2) is present in mammalian sperm; nevertheless, U0126 and PD098059, two inhibitors of the ERK pathway, did not block this phosphorylation in mouse sperm. In conclusion, capacitation is associated with an increase in proline-directed phosphorylation linked to cholesterol efflux in the sperm.
Introduction
To become fertilization competent, mammalian sperm undergo a series of biochemical and physiological changes in the female reproductive tract collectively referred to as capacitation (Yanagimachi, 1994) . Capacitation can be studied in vitro in a defined medium containing energy sources (lactate and pyruvate), a protein source such as bovine serum albumin (BSA) and certain ions such as HCO 3 − and Ca
2+
. The process of capacitation was discovered in the 1950s (Austin, 1951; Chang, 1951) ; however, the signalling cascades involved in capacitation are still not fully understood. Based on studies in several species, it has been shown that capacitation is associated with an adenosine 3´5´-cyclic monophosphate (cAMP)-dependent increase in tyrosine phosphorylation (Visconti et al., 1995b; Leclerc et al., 1996; Galantino-Homer et al., 1997; Kulanand and Shivaji, 2001) . Also, the role of protein kinase A (PKA), a serine/threonine kinase, in sperm capacitation has been well established. For example, null mutants of the testis-specific PKA catalytic subunit C2α are infertile and display capacitation-related defects such as a lack of the aforementioned increase in tyrosine phosphorylation (Nolan et al., 2004) . Recently, antibodies against the phosphorylated form of the consensus target sequence for PKA have been commercially available, and using this antibody, the role of PKA-dependent phosphorylation has further been established in human sperm (O'Flaherty et al., 2004; Moseley et al., 2005) and boar sperm (Harrison, 2004) . Other serine/threonine kinases, such as PKC (Breitbart et al., 1992; Kalina et al., 1995) , Protein kinase B/v-akt murine thymoma viral oncogene (PKB/Akt) (Nauc et al., 2004) , glycogen synthase kinase 3β (GSK3β) (Vijayaraghavan et al., 1996) and kinases from mitogen-activated PK (MAPK) pathway, such as MAPK/ERK kinase (MEK) (Thundathil et al., 2002; O'Flaherty et al., 2005) and extracellular signal-regulated kinase 1/2 (ERK1/2) (Luconi et al., 1998; de Lamirande and Gagnon, 2002) , have been reported to be present in sperm.
The phosphorylation of proteins on serine or threonine residues that immediately precede a proline (phosphoserine/phosphothreonineproline) plays an essential role in the regulation of cellular processes such as cell proliferation and differentiation. This specific serine/threonine phosphorylation, referred to as proline-directed phosphorylation, is known to be deregulated in conditions such as neurodegeneration in Alzheimer's disease and cancer (Lu et al., 2002; Lu, 2004) . Prolinedirected kinases include cyclin-dependent protein kinases (CDK), MAPKs, GSK and Jun N-terminal kinase (JNK) (Lu et al., 2002) . Serine/threonine phosphorylation is known to regulate protein function by bringing conformational changes in them. In addition, phosphorylated serine/threonine also function as binding motifs for recruiting proteins into signalling networks or placing enzymes within proximity to substrates (Pawson and Scott, 1997) . Proline exists in two distinct forms cis and trans conformations, in relation to the adjacent phosphorylation site (serine/threonine), and their interconversion occurs spontaneously, albeit at a very slow rate. Upon phosphorylation of the adjacent serine/threonine, the isomerization is carried out very efficiently by a specific subgroup of peptidyl-prolyl isomerases (PPIases) from the Pin-1 family. The isomerization of cis and trans forms of proline can alter the local or global structure of the target proteins and thus regulate its function in biological processes. Pin-1 binds to the phosphoserine/phosphothreonine-proline motif of proteins, a site also known as mitotic phosphoprotein monoclonal-2 (MPM-2) antigen, because it is recognized by a phospho-specific mitosis marker antibody MPM-2 (Yaffe et al., 1997) . The epitope for the MPM-2 antibody is phosphoserine/phosphothreonine-proline, and thus, Pin-1 and MPM-2 antibody share the same binding site. The MPM-2 antibody is a useful tool to study proline-directed phosphorylation in various cell systems. Two recent reports describe the use of the MPM-2 antibody in human sperm. In the first study, the antibody recognized two proteins (75 and 80 kDa) in the Triton-insoluble fraction of human sperm proteins . These two proteins underwent capacitation-associated increase in proline-directed phosphorylation, and their phosphorylation was inhibited by the ERK pathway inhibitors namely U0126 and PD098059. The other report using the MPM-2 antibody is from a case study where the antibody localized the antigens in the sperm flagella (Porcu et al., 2003) .
In this work, the regulation of proline-directed serine/threonine phosphorylation during mouse sperm capacitation was investigated using MPM-2 antibodies. MPM-2 western blots showed increased signal in a cohort of proteins in capacitated sperm, suggesting that during capacitation a subset of sperm proteins undergo phosphorylation of the serine/threonine-proline motif. In contrast to previous findings on the regulation of tyrosine phosphorylation, the increase in proline-directed phosphorylation was observed also in the absence of HCO 3 − ; it was not regulated by a cAMP-dependent pathway and occurred within 15 min of the initiation of capacitation. However, similar to the increase in tyrosine phosphorylation, cholesterol acceptors such as BSA or β-cyclodextrins (β-CDs) were necessary for the increase in serine/threonine-proline phosphorylation; consistent with these data, the addition of cholesterol SO 4 − to the sperm incubation medium inhibited the increase in proline-directed phosphorylation. Using a specific antibody, we confirmed the presence of ERK1/2 in mouse sperm. However, U0126 and PD098059, two inhibitors of the ERK pathway, did not block the increase in proline-directed phosphorylation in mouse sperm, suggesting that contrary to human sperm, the ERK pathway is not involved in the phosphorylation of the MPM-2 antigens reported in this work.
Materials and methods

Materials
Anti-phosphoserine/phosphothreonine-proline antibody (MPM-2) and antiphosphotyrosine (anti-PY) antibody (clone 4G10) were purchased from Upstate Biotechnology (Lake Placid, NY, USA). Mouse purified immunoglobulin G 1 (IgG 1 ) isotype antibody was purchased from BD Pharmingen (San Jose, CA, USA). The anti-β-tubulin monoclonal antibody (clone E7), developed by Dr Michael Klymkowsky, was obtained from the Developmental Studies Hybridoma Bank under the auspices of the National Institute of Child Health and Human Development (NICHD) and maintained by the Department of Biological Sciences, University of Iowa (Iowa City, IA, USA). Antibody against p44/42 MAPK was purchased from Cell Signaling Technology (Danvers, MA, USA). Peroxidase-conjugated anti-mouse IgG and rhodamine-conjugated anti-mouse IgG were from Jackson Immunoresearch Laboratories (West Grove, PA, USA). Peroxidase-linked anti-rabbit IgG, enhanced chemiluminescence (ECL) and ECLplus chemiluminescence detection kits were from Amersham Biosciences (Uppsala, Sweden). Polyvinylidene difluoride (PVDF) membrane for the blotting was purchased from Biorad (Hercules, CA, USA 
Preparation of mouse sperm
Caudal epididymal sperm were collected from CD1 retired breeder males (Charles River Labs) killed in accordance with Institutional Animal Care and Use Committees (IACUC) guidelines. Caudal epididymis from each animal was placed in 1 ml of modified Krebs-Ringer medium (Whitten's HEPESbuffered medium) (WH) (Moore et al., 1994) containing 100 mM NaCl, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 5.5 mM glucose, 1 mM pyruvic acid, 4.8 mM L(+)-lactic acid and hemicalcium salt in 20 mM HEPES, pH 7.3. This medium, prepared in the absence of BSA and NaHCO 3 , does not support capacitation. Sperm released into the media during a 10-min period were counted and collected by centrifugation at 800 × g for 10 min at room temperature. Sperm pellets were resuspended in WH (without BSA or NaHCO 3 ), and then 1-2 × 10 6 sperm were incubated in 1 ml of the medium at 37°C for the indicated time period. Capacitating medium consisted of 5 mg/ml of BSA plus 10 mM NaHCO 3 in WH. In all cases, pH was maintained at 7.3. In some experiments, 2-OH-propyl-β-CD was used instead of BSA in capacitating medium. Sperm pellets were resuspended in appropriate buffer depending on the study. Sperm motility was checked in all the experiments, and the number of motile sperm was routinely >80%. The motility was also normal in the experiments where reagents such as CDs, cholesterol SO 4 − or ERK1/2 pathway inhibitors were used.
Preparation of human sperm
Semen samples were obtained from normozoospermic volunteers according to WHO standards (WHO, 1999), as previously described (Ficarro et al., 2003) .
After complete liquefaction at room temperature, mature sperm were purified by the swim-up method, and sperm presenting >90% motility were used. Sperm concentration was adjusted to 5 × 10 6 cells/ml, and up to 2 ml of aliquots was incubated under different conditions at 37°C in 5% CO 2 overnight. Sperm were then concentrated by centrifugation at 6500 × g for 5 min and washed once with phosphate-buffered saline (PBS). Sperm pellets were resuspended in appropriate buffer depending on the experiment.
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis and western blots
Phosphorylated proteins were analysed in protein extracts from mouse or human sperm. Sperm pellets were washed in 1 ml of PBS containing 1 mM sodium orthovanadate, resuspended in Laemmli sample buffer (Laemmli, 1970) without 2-mercaptoethanol and boiled for 5 min. After centrifugation, the supernatants were saved, and 2-mercaptoethanol was added to a final concentration of 5%. Samples were boiled for 5 min and subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) using 8-10% mini-gels; protein extracts equivalent to 1-2 × 10 6 sperm were loaded per lane. In some cases, either mid-size gels or commercially available Criterion® 7.5% gels (Biorad, Hercules, CA, USA) were used, as indicated in figure legends. A dual-prestained molecular weight standard was used (Biorad, Hercules, CA, USA). Proteins were transferred to PVDF membranes and incubated in appropriate blocking solution for 1 h at room temperature. The immunodetection of tyrosine-phosphorylated proteins was carried out using anti-PY monoclonal antibody (1:10 000), as previously described (Visconti et al., 1995a) . For MPM-2 western analyses, 5% non-fat dry milk in Tris-buffered saline-T (TBS-T) (20 mM Tris, 137 mM NaCl and 0.05% Tween-20, pH 7.6) was used both as blocking solution and as secondary antibody diluent; MPM-2 antibody (1:1000) was diluted in 5% BSA/TBS-T. For the immunodetection of ERK1/2, anti-p44/42 MAPK (1:1000) was used; blocking and antibody dilutions were carried out using 5% non-fat dry milk in TBS-T; in this case, detection was done with ECLplus chemiluminescence reagents. Loading of equal amounts of protein per lane was checked by reprobing immunoblots with anti-β-tubulin Downloaded from https://academic.oup.com/molehr/article-abstract/12/12/781/1035697 by guest on 17 January 2019 antibody (clone E7; 1:5000). After washes, protein detection was performed by incubating membranes with appropriate horseradish peroxidase-conjugated secondary antibodies (1:10 000) followed by ECL kit (Amersham Biosciences), according to the manufacturer's instructions.
Two-dimensional gel electrophoresis
For two-dimensional (2D) gel electrophoresis (PAGE), sperm pellets were resuspended in a modified Celis extraction/rehydration buffer [5 mM urea, 2 mM thiourea, 2% 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 0.2% ampholytes, pH 3-10, 50 mM dithiothreitol (DTT), 0.0002% Bromophenol blue, 1 mM sodium orthovanadate, 10 mM sodium fluoride, 30 mM β-glyceraldehyde and 2 mM EGTA] and protease inhibitors, vortexed for 2 min and kept on ice for 30 min. After centrifugation at 12 000 × g for 5 min, extracted proteins (equivalent to 2.5 × 10 6 sperm per strip) were loaded passively onto Immobilized pH gradient (IPG) strips (pH 3-10) and incubated overnight at room temperature. Isoelectric focusing (IEF) was performed using Protean IEF Cell apparatus (BioRad, Richmond, CA, USA). After focusing, IPG strips were equilibrated in equilibration buffer (6 M urea, 2% SDS, 0.05 M Tris-HCl, 2% DTT and 20% glycerol) at room temperature for 10 min, followed by incubation on a second equilibration buffer in which DTT was replaced with 2.5% iodoacetamide, for 10 min at room temperature. Twodimensional gel electrophoresis was performed on 10% SDS-PAGE mini-gels. Proteins were transferred onto PVDF membranes and analysed by western blotting, as described above. Proteins extracts, run in parallel gels, were silver stained, as previously described (Ficarro et al., 2003) .
Indirect immunofluorescence localization
Mouse sperm were incubated in the medium containing BSA and NaHCO 3 for 15 min. Following incubation, they were air-dried on slides and fixed with 4% paraformaldehyde in PBS for 20 min at room temperature. After fixation, the sperm were washed with PBS (four washes each for 5 min) and permeabilized with methanol for 7 min. Following permeabilization, the sperm were blocked with 10% normal goat serum in PBS for 30 min at room temperature. Sperm were then incubated either with MPM-2 antibody (1:250) diluted in PBS containing 1% normal goat serum or with normal mouse purified IgG 1 isotype control antibody at the same concentration for 1 h at room temperature. After the primary antibody incubation, the sperm were washed with PBS (four washes) and incubated with rhodamine-conjugated anti-mouse IgG (1:200) diluted in PBS containing 1% normal goat serum for 1 h at room temperature. The secondary antibody treatment was followed by four washes in PBS, treatment with slow-fade light (Molecular Probes, Eugene, OR, USA) and observation by phase-contrast and epifluorescence microscopy using a Zeiss Axiophot microscope (magnification ×60) (Carl Zeiss, Thornwood, NY, USA). Controls using secondary antibody alone were also used to check for antibody specificity.
Results
Capacitation-associated serine/threonine-proline phosphorylation
To evaluate whether proline-directed phosphorylation is regulated during capacitation, we incubated mouse sperm in media that were either conducive (+BSA, +NaHCO 3 ) or non-conducive (-BSA, -NaHCO 3 ) to capacitation. After 15 and 90 min, sperm lysates were prepared and subjected to western blot analysis using the MPM-2 antibody. This antibody recognized a set of proteins that underwent increased proline-directed phosphorylation when incubated in the medium containing NaHCO 3 and BSA ( Figure 1A ). In the absence of HCO 3 − and BSA, much less phosphorylation on serine-proline and/or threonine-proline was detected. The molecular masses of the major phosphorylated proteins were approximately 210, 96, 91 and 70 kDa. Interestingly, increase in proline-directed phosphorylation occurred rapidly (within 15 min) in contrast to the capacitation-associated tyrosine phosphorylation. As a control, the tyrosine phosphorylation was checked with anti-PY monoclonal antibody (clone 4G10) in a duplicate set of samples; as described before (Visconti et al., 1995a) , an increase in protein tyrosine phosphorylation was only observed when the sperm were incubated in medium supporting capacitation for 90 min ( Figure 1B) . The increase in proline-directed phosphorylation was also detected using MPM-2 western blots of sperm protein extracts separated using 2D gel electrophoresis ( Figure 1C ). Consistent with 1D western blot, capacitated sperm displayed a much higher level of proline-directed phosphorylation when compared with noncapacitated sperm. Interestingly, although proteins ∼100 kDa showed very high MPM-2 staining, other proteins of lower molecular masses were also recognized by this monoclonal antibody in the 2D blot.
To investigate the localization of proteins phosphorylated at serine and/or threonine residues followed by proline, we conducted indirect immunofluorescence using MPM-2 monoclonal antibody in sperm incubated in complete medium for 15 min (Figure 2) . Most of the MPM-2 signal localized to the sperm principal piece; however, a lighter signal was also observed in the sperm anterior head (Figure 2A) . Normal mouse purified IgG 1 isotype control used at the same concentration as MPM-2 antibody ( Figure 2B ), and the secondary antibody alone (data not shown) confirmed the specificity of MPM-2 antibody. Altogether, these data suggest that an early change in proline-directed phosphorylation occurs in conditions that support capacitation.
Regulation of proline-directed phosphorylation in mouse sperm
BSA and NaHCO 3 are essential components of mouse sperm capacitation media and for the capacitation-associated increase in tyrosine phosphorylation (Visconti et al., 1995a) . To investigate the independent action of these compounds on the increase in proline-directed phosphorylation, we incubated mouse sperm for 90 min in media that lacked either BSA or HCO 3 − , extracted in sample buffer and analysed by western blot using MPM-2 or anti-PY monoclonal antibodies (Figure 3 ). Under these conditions, the increase in proline-directed phosphorylation was regulated by BSA ( Figure 3A and B, lanes 2 and 4) but not by HCO 3 − ( Figure 3A and B, lanes 3 and 4), and similar results were obtained at 15 min (data not shown). As tyrosine phosphorylation is regulated by a cAMP/PKA pathway, it was important to determine whether the phosphorylated epitope recognized by the MPM-2 antibody was also regulated by this pathway. Thus, this experiment was also conducted in the absence or presence of a permeable cAMP analogue (dbcAMP) and a general inhibitor of phosphodiesterases (IBMX) (Figure 3 ). As expected, the addition of cAMP agonists did increase tyrosine phosphorylation in sperm incubated in the absence of either HCO 3 − or BSA ( Figure 3D) ; however, no increase in proline-directed phosphorylation was observed either at 15 min (data not shown) or at 90 min ( Figure 3B ) of sperm incubation in the presence of the cAMP agonists under any of the conditions tested, suggesting that this type of phosphorylation is cAMP independent.
Regulation of the serine/threonine-proline phosphorylation by BSA in mouse sperm
To further confirm that proline-directed phosphorylation during capacitation is regulated by BSA, we studied the effect of various concentrations of BSA on this phosphorylation. The concentration of BSA needed to detect an increase in proline-directed phosphorylation was ∼1 mg/ml ( Figure 4A ) similar to the BSA concentration needed for mouse sperm capacitation and for the capacitation-associated increase in tyrosine phosphorylation (Visconti et al., 1995a) . It has been proposed that the role of BSA in capacitation is associated with the ability of this protein to act as a sink for plasma membrane cholesterol (Visconti et al., 1999a,b) . Therefore, the finding that BSA is also needed for increased proline-directed phosphorylation suggests that this type of phosphorylation occurs downstream to the cholesterol efflux. To investigate this possibility, we carried out two experiments.
First, we assayed whether another cholesterol-binding compound such as 2-OH-propyl-β-CD was able to replace BSA; second, we tested whether a cholesterol homologue such as cholesterol SO 4 − was able to inhibit the increase in proline-directed phosphorylation in sperm incubated in complete capacitation medium. In the first experiment, mouse sperm were incubated in the absence of BSA and in the presence of different concentrations of 2-OH-propyl-β-CD. After 15 min incubation, a concentration-dependent increase in MPM-2 signal was detected ( Figure 4B ). As loading control, the same blots used for the BSA and 2-OH-propyl-β-CD concentration curves were analysed using an anti-β-tubulin monoclonal antibody ( Figure 4A and B, lower panels).
For the second experiment, mouse sperm were incubated in complete capacitation medium in the absence or presence of 16 μM cholesterol SO 4 − . As non-capacitated negative control, the sperm were also incubated in the absence of BSA and HCO 3 − . As shown in previous Figure 1 . Immunoblot analysis of serine/threonine-proline phosphorylated proteins of mouse sperm using mitotic phosphoprotein monoclonal-2 (MPM-2) antibody. Mouse sperm were incubated in non-capacitating medium [-bovine serum albumin (-BSA), -NaHCO 3 ] and capacitating medium (+BSA, +NaHCO 3 ) for the indicated time periods. Following the incubation, sperm lysates were prepared either in sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer for one-dimensional (1D) gel analysis (A and B) or in Celis buffer for 2D gel analysis (C) and were then subjected to immunoblotting with MPM-2 (A and C) or anti-phosphotyrosine (anti-PY) (B) antibodies. Arrows in panel A indicate major serine/threonine-proline phosphorylated proteins detected with MPM-2 antibody. Isoelectric points of proteins are shown on the top in the 2D blots (C). Experiments shown in panels A-C were performed at least three times with similar results. Results from a representative experiment are shown. The relative molecular mass (×10 -3 ) of protein standards are marked in the gels as indicated in the figure. experiments, sperm incubated in complete medium underwent an increase in proline-directed phosphorylation ( Figure 4C ). This increase was blocked in the presence of cholesterol SO 4 − ( Figure 4C , lane 3). As loading control, the same blots were analysed using an anti-β-tubulin monoclonal antibody ( Figure 4A-C) . Altogether, the effects of BSA, CD and cholesterol SO 4 − suggest that serine/threonine-proline phosphorylation is a BSA-dependent process, and it occurs downstream to cholesterol efflux.
As mentioned in the Introduction, at least two proline-directed kinases have been described in mammalian sperm, ERK1/2 and GSK3β. Using western blot analysis, the presence of ERK1/2 in mouse sperm was confirmed ( Figure 5A ). In human sperm, prolinedirected phosphorylation appears to be inhibited by ERK pathway inhibitors . To analyse whether ERK1/2 was involved in the regulation of the BSA-dependent increase in proline-directed phosphorylation, we incubated mouse sperm in the presence of two inhibitors of the ERK pathway, U0126 and PD098059. In this experiment, sperm were collected in noncapacitated medium in the presence or absence of different concentrations of the inhibitors. After pre-incubation for 15 min, the sperm were diluted in complete medium so that the final concentration of NaHCO 3 and BSA was kept constant (20 mM and 5 mg/ml, respectively); the ERK pathway inhibitors were present in the media throughout the period of experiment, at a final concentration indicated in Figure 5 . The increase in proline-directed phosphorylation was evaluated by western blots with MPM-2 antibody. Results obtained after 15 min incubation are shown in Figure 5 ; similar results were obtained after 90 min incubation in the presence of the inhibitors (data not shown). Under these conditions, the ERK pathway inhibitors did not block proline-directed phosphorylation ( Figure 5B ), suggesting that ERK is not involved in the phosphorylation of the MPM-2 antigens. As in the other experiments, loading of controls was conducted in the same membrane by western blot with anti-β-tubulin antibody.
Proline-directed phosphorylation in human sperm
Capacitation-associated changes such as cholesterol efflux, PKA activation and tyrosine phosphorylation have been found to be conserved in sperm from various species. In human sperm, an increased signal in MPM-2 has been reported in western blots . To investigate whether proline-directed phosphorylation is dependent on BSA present in the capacitation medium, we collected human sperm by the swim-up method and incubated overnight either in the absence or in the presence of different concentrations of BSA. Taking into consideration the time course of human sperm capacitation (Zarintash and Cross, 1996) , human sperm were incubated for 18 h under these conditions before extraction with sample buffer. Protein extracts were then analysed by western blots using MPM-2 monoclonal antibody. Under these conditions, similar to mouse sperm, BSA was necessary for the increase in proline-directed phosphorylation in a concentration-dependent manner ( Figure 6 ). As in previous figures, loading of controls was conducted in the same membrane by western blot with anti-β-tubulin antibody.
Discussion
Post-translational modifications through serine/threonine or tyrosine phosphorylation by PKs, and/or the dephosphorylation of these residues by phosphoprotein phosphatases, play a major role in many cellular processes including the transduction of extracellular signals, intracellular transport and cell cycle progression (Manning et al., 2002) . With the exception of PKA, the kinases involved in the regulation of sperm function are not well defined. Other kinases, described in mature mammalian sperm using antibodies, include PKC (Rotem et al., 1990) , GSK3β (Vijayaraghavan et al., 1996) , casein kinase II (Chaudhry et al., 1991a,b) , ERK1/2 (Luconi et al., 1998) and at least one member of the testis-specific serine kinase (Tssk) family (Hao et al., 2004) . However, very little is known about the role of the proteins undergoing phosphorylation during capacitation. Capacitation-associated changes in protein tyrosine phosphorylation have been demonstrated in multiple species including the mouse (Visconti et al., 1995a) , bovine (Galantino-Homer et al., 1997), human (Leclerc et al., 1996;  Figure 2. Immunolocalization of serine/threonine-proline phosphorylated proteins in mouse sperm by indirect immunofluorescence microscopy. Mouse sperm were incubated in the capacitation medium containing bovine serum albumin (BSA) and NaHCO 3 for 15 min. Following incubation, sperm were air-dried, fixed, permeabilized and probed with mitotic phosphoprotein monoclonal-2 (MPM-2) antibody (A). Arrows indicate sperm principal piece. Normal mouse purified immunoglobulin G 1 (IgG 1 ) isotype was used as a control (B). Phase-contrast images are also shown in panels C and D. Experiments shown were performed at least three times with similar results. Results from a representative experiment are shown. Figure 3 . Effect of bovine serum albumin (BSA) and NaHCO 3 on serine/ threonine-proline and tyrosine phosphorylation. Mouse sperm were incubated either in the presence or in the absence of BSA and NaHCO 3 for 90 min. Furthermore, they were incubated either in the absence (A and C) or in the presence (B and D) of dibutyryl adenosine 3´5´-cyclic monophosphate (dbcAMP) (1 mM) and 3-isobutyl-1-methylxanthine (IBMX) (100 μM). Following incubation, sperm lysates were prepared in sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and subjected to immunoblot analysis with the mitotic phosphoprotein monoclonal-2 (MPM-2) antibody (A and B) or anti-phosphotyrosine (anti-PY) antibody (C and D). Western blots in these figures were performed at least three times with similar results. Results from representative experiments are shown. Osheroff et al., 1999) , pig (Kalab et al., 1998) and hamster (Visconti et al., 1999c; Kulanand and Shivaji, 2001 ). In addition, it has been demonstrated that capacitation-associated increase in protein tyrosine phosphorylation is downstream of a cAMP/PKA pathway in mouse sperm (Visconti et al., 1995b) and sperm of other species (Leclerc et al., 1996; Galantino-Homer et al., 1997; Kalab et al., 1998) . In mice, this pathway appears to be tightly controlled by components in the capacitation medium; for example, in the absence of BSA, Ca 2+ or HCO 3 − , neither the capacitation nor the increase in tyrosine phosphorylation is observed.
Furthermore, concentrations of these compounds needed for tyrosine phosphorylation are associated with those required for capacitation (Visconti et al., 1995a) . The role of PKA in the regulation of capacitation has been highlighted by two recent publications. First, sperm from mice that lack soluble adenylyl cyclase (sAC), the HCO 3 − -regulated sAC, do not display changes in their tyrosine phosphorylation pattern after incubation in a capacitation-supporting media (Esposito et al., 2004; Hess et al., 2005) ; second, sperm from knockout mice lacking C2α, the testis-specific PKA catalytic subunit, are not able to move actively and are unable to undergo increase in tyrosine phosphorylation as observed in the wild-type mouse (Nolan et al., 2004) . These knockout mice confirm results obtained using cAMP agonists and antagonists on the capacitation-associated increase in tyrosine phosphorylation.
The essential role of PKA in sperm implies that serine/threonine phosphorylation plays a role in the regulation of sperm capacitation. However, less is known regarding the regulation of serine and threonine phosphorylation in sperm. One reason for this lack of information is that antibodies against isolated phosphoserine and phosphothreonine residues do not display the quality and sensitivity obtained with anti-PY antibodies. This limitation can be addressed using antibodies against specific phosphorylated motifs; in sperm, phospho-specific antibodies have been used to evaluate PKA substrates (Harrison, 2004; O'Flaherty et al., 2004; Moseley et al., 2005) , ERK phosphorylation (Thundathil et al., 2002; O'Flaherty et al., 2005) and AKT phosphorylation (Nauc et al., 2004) .
Another very well-characterized phospho-specific antibody is MPM-2. This monoclonal antibody can recognize phosphorylated residues of serine or threonine that are immediately followed by proline. Two articles reported the use of this monoclonal antibody in human sperm. One of them is a case report suggesting that this antibody can be used to detect infertile sperm in a clinical setting (Porcu et al., 2003) . The second one, by de Lamirande and Gagnon (2002) used this antibody to investigate the ERK1/2 pathway in human sperm. In our -on serine/threonine-proline phosphorylation. Mouse sperm were incubated in media containing different amounts of BSA (A), in media containing different amounts of 2-hydroxypropyl-β-CD (2-OH-propyl-β-CD) but no BSA (B) and in media with or without cholesterol SO 4 -(16 μM) (C) for 15 min; results shown in panel C were prepared using 7.5% Criterion gels. Following incubation, sperm lysates were prepared in sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and immunoblotted with mitotic phosphoprotein monoclonal-2 (MPM-2) antibody. The same blots were reprobed with anti-β-tubulin antibody (lower panels) as a loading control. Experiments shown in panels A-C were performed at least three times with similar results. Results from representative experiments are shown.
Downloaded from https://academic.oup.com/molehr/article-abstract/12/12/781/1035697 by guest on 17 January 2019 study, MPM-2 antibody was used to study whether proline-directed phosphorylation is associated with mouse sperm capacitation. MPM-2 antibodies recognized a series of proteins in sperm incubated under capacitating conditions, whereas non-capacitated sperm showed a significantly reduced signal, suggesting that capacitation is associated with an increase in proline-directed phosphorylation. When compared with the increase in protein tyrosine phosphorylation, the increase in proline-directed phosphorylation presented several differences. First, it can be observed at 15 versus 60-90 min in the case of tyrosine phosphorylation. Second, it does not require HCO 3 − in the sperm incubation medium. Third, the treatment of sperm with cAMP agonists did not increase this type of phosphorylation. On the contrary, similar to the increase in protein tyrosine phosphorylation, the increase in proline-directed phosphorylation appears to require BSA in the incubation medium both for mouse and for human sperm. Moreover, the increase in proline-directed phosphorylation required between 0.3 and 1 mg/ml of BSA similar to the concentration needed for both capacitation and the capacitation-associated increase in protein tyrosine phosphorylation (Visconti et al., 1995a) .
Serum albumin is considered one of the main components of in vitro capacitation media and is believed to function as a sink for cholesterol from the sperm plasma membrane (Go and Wolf, 1985; Langlais and Roberts, 1985; Suzuki and Yanagimachi, 1989; Cross, 1996 Cross, , 1998 . Although serum albumin may have other roles during capacitation (Espinosa et al., 2000) , its ability to facilitate cholesterol efflux is required for capacitation. For example, capacitation is inhibited by the addition of cholesterol and/or cholesterol analogues to the capacitation medium (Visconti et al., 1999b) . Furthermore, serum albumin can be substituted in in vitro capacitation media with cholesterol-binding compounds such as high-density lipoproteins (HDLs) (Therien et al., 1997; Visconti et al., 1999b) and β-CDs (Choi and Toyoda, 1998; Cross, 1999; Osheroff et al., 1999; Visconti et al., 1999a) to induce capacitation. Similar to the increase in protein tyrosine phosphorylation, experiments presented in this article suggest that cholesterol efflux is required for the increase in proline-directed phosphorylation. First, 2-OH-propyl-β-CD was able to induce proline-directed phosphorylation in the absence of BSA; second, proline-directed phosphorylation was inhibited by cholesterol SO 4 − in complete capacitation medium.
Understanding how cholesterol efflux couples to the regulation of signal transduction pathways intrinsic to capacitation remains rudimentary at present. It can be hypothesized that similar to other cell types, in sperm, cholesterol may be concentrated in lipid rafts and that cholesterol efflux is related to changes in these membrane microdomains. Supporting this hypothesis, caveolin has been recently detected in the plasma membrane overlying the acrosomal region and the flagellum of mouse and guinea-pig sperm (Travis et al., 2000; Treviño et al., 2001) , suggesting the presence of a special type of lipid raft, called caveolae, in these cells. Furthermore, other recent studies have shown that the incubation of sperm in capacitation-supporting medium induces lateral redistribution of raft marker proteins such as the Glycosylphoshatidylinositol (GPI)-anchored CD59 and caveolin within the sperm head plasma membrane (Cross, 2004; Shadan et al., 2004) . Although no particular sperm functional change has yet been ascribed to alterations in lipid raft structure and distribution, one may expect that such changes, resulting from cholesterol removal, will have profound effects on subsequent signalling events. In somatic cells, the disruption of lipid rafts by cholesterol-binding compounds results in the activation of several signalling pathways. It can be speculated that similar activation occurs in sperm during capacitation (Sleight et al., Mouse sperm were collected in noncapacitated medium in the presence or absence of different concentrations of ERK1/2 inhibitors, PD098059 and U0126. After pre-incubation for 15 min, the sperm were diluted in complete medium so that the final concentration of NaHCO 3 and bovine serum albumin (BSA) was kept constant (20 mM and 5 mg/ml, respectively); the ERK pathway inhibitors were present in the media throughout the period of experiment, at a final concentration indicated in this figure. Following incubation, sperm lysates were prepared in sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and immunoblotted with mitotic phosphoprotein monoclonal-2 (MPM-2) antibody. The same blot was reprobed with anti-β-tubulin antibody (lower panel) as a loading control. Experiments in panels A and B were repeated at least three times with similar results. Figure 6 . Effect of bovine serum albumin (BSA) on serine/threonine-proline phosphorylation in human sperm. Human sperm collected by 'swim up' were incubated for 18 h (overnight) in medium containing different concentrations of BSA. Following incubation, sperm lysates were prepared in sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, separated using mid-size 10% gels and immunoblotted with mitotic phosphoprotein monoclonal-2 (MPM-2) antibody. The same blot was reprobed with anti-β-tubulin antibody (lower panel) as a loading control. This experiment was performed at least three times with similar results.
Downloaded from https://academic.oup.com/molehr/article-abstract/12/12/781/1035697 by guest on 17 January 2019 2005); in this respect, changes in proline-directed phosphorylation might play a role in regulatory pathways downstream to cholesterol efflux. Interestingly, although MPM-2 antigens appear to localize both to the anterior head and to the sperm flagellum, most signal is detected in the principal piece of the sperm, suggesting that prolinedirected phosphorylation might play a role in the regulation of sperm motility. As shown by de , western blots using MPM-2 antibodies revealed a series of proteins in human sperm. In this work, we present evidence that proline-directed phosphorylation in human sperm is also regulated by BSA concentration. However, western blots shown in Figure 6 revealed more proteins than the ones reported by de . This is likely due to the use of total sperm extracts instead of the Triton-insoluble protein extracts used by these authors. Alternatively, these differences could be due to the amount of proteins loaded per lane, exposure time and/or secondary antibody concentration. Although in human sperm the phosphorylation of these MPM-2 antigens is inhibited by ERK pathway inhibitors , proline-directed phosphorylation does not appear to be regulated by this pathway in mouse sperm. ERK1/2 is present in mouse sperm; however, two different ERK pathway inhibitors, U0126 and PD098059, were not able to block proline-directed phosphorylation in mouse sperm. The different effect of these inhibitors in mouse and human sperm could indicate that different pathways are activated during capacitation in different species. Other proline-directed kinases present in mammalian sperm could be responsible for this regulation in the mouse; one of them is GSK3β, a kinase shown to be important in the regulation of sperm motility (Vijayaraghavan et al., 1996) . Further studies will be necessary to determine the role of this kinase and other proline-directed kinases in mouse sperm capacitation and the overall relevance of proline-directed phosphorylation to mouse sperm capacitation.
